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Abstract 
This research investigated the dispersion behavior of graphene nanoplatelets (GNPs) in 
water with water reducing admixture (WRA), a type of surfactant. The dosage of GNPs was fixed 
at 0.2wt% of water, and the dosage of the WRA was varied. Sedimentation experiments 
qualitatively characterized the stability of the dispersion. The team characterized the time 
evolution of particle size with dynamic light scattering (DLS). Ultraviolet-visible spectroscopy 
(UV-vis) measured the time evolution of the opacity of the suspension. Scanning electron 
microscopy (SEM) gave a qualitative set of micrographs of the particles taken out of the 
suspension. The author characterized the surface forces with point of zero charge (PZC) 
experiments. This research has the potential to improve the future application of GNPs to 
composite materials. The author also carried out mechanical testing on mortar beams with and 
without GNPs. Notched beams were prepared and tested in three-point bending. The data were 
then analyzed in keeping with the two-parameter fracture model. The mechanical results were 
inconclusive, but they suggested a path forward to continued research. 
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1. Introduction 
1.1 Graphene Dispersion in Water 
Most research on the dispersion of graphene and graphite nanoparticles has focused on 
surface modification, such as oxidation, or inclusion of other nanoparticles in the suspension. In 
2008, Li sonicated graphite oxide to make graphene oxide. Li then dispersed these particles in a 
mixture of water, ammonia, and hydrazine. Geng (2009) oxidized graphene nanoplatelets to make 
graphene oxide, reduced these oxidized particles, and dispersed them in water. In 2013, Yoon 
described an amphiphilic use for graphite oxide. The hydroxyl groups on the graphite oxide 
particles bonded to water molecules, and this hydration led the particles to disperse. Li (2014) 
dispersed graphene oxide and alpha-zirconium phosphate nanoplatelets in water, which resulted 
in a stable dispersion. As per Li, the two types of particles electrostatically attracted, and hydrogen 
bonded, to each other, which improved the stability of the dispersion. Li (2014) also wrote that the 
oxygen containing functional groups on the graphene oxide could lead to stable dispersions 
without the alpha-zirconium phosphate nanoplatelets, because of electrostatic repulsion between 
the oxidized graphene oxide particles. 
As noted by Peyvandi (2013), covalent surface modification, including oxidation, damages 
the atomic structure of the GNP, and can reduce the strength of these nanoparticles. Other methods 
of dispersion are needed to preserve the structure of the GNPs. Stankovich (2006) reduced graphite 
oxide nanoplatelets in the presence of poly(sodium 4-styrenesulfonate), called PSS. These PSS-
coated graphite nanoparticles, which consisted of multiple layers of graphene, remained in 
suspension. Lu (2010) used polyelectrolytes as dispersal aids with GNPs in water. Lu also wrote 
that this method of dispersal preserves the structure of the GNPs and allows the full exploitation 
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of the properties of these nanoparticles. In 2014, Mehrali sonicated GNPs in distilled water with a 
high-powered probe sonicator. The GNPs remained stable in suspension for 600 hours. 
This field is still fairly young; minimal research on the dispersion of non-covalently 
modified GNPs in water has been reported. This research describes a method to disperse GNPs in 
water with a surfactant as a dispersion aid. The surfactant is a WRA, chosen because it is often 
used during processing of cementitious composites. This choice in surfactant can aid the 
implementation of such a suspension in possible future composites with cementitious material. 
This dispersion method is simplified, when compared to many other methods. For example, the 
method requires reduced sonication and no filtration. The author varied the amount of WRA in 
order to better characterize the behavior of this material system. 
1.2 GNP in Cementitious Composites 
GNP has been studied as a potential additive for cementitious materials. Alkhateb wrote 
about a materials genome study in which computer modeling of pull-out was performed as well as 
physical testing. That team wrote about a bottom-up approach to composite manufacturing. They 
correlated GNPs with high stiffness by using resonant ultrasound spectroscopy, atomic force 
microscopy, and scanning electron microscopy. In 2008, Sanchez performed molecular dynamics 
that showed that electrostatic forces dominate the interaction between surface functionalized 
graphitic structures and calcium silicate hydrate (C-S-H), modeled as tobermorite, and that one 
might be able to optimize the surface functionalization. 
Kim (2014) added octadecane-modified GNPs to mortar and noted a reduction in thermal 
conductivity. Du wrote about using graphite nanoplatelets to make self-sensing mortar. 
Colorado (2011) tested the compressive strength of paste cubes with various doses of 
graphite nanoplatelets. Since they are graphite nanoplatelets, the author assumes that they are not 
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individual layers of graphene. These compressive tests showed that, at an optimal dosage, graphite 
nanoplatelets can increase compressive strength. Cement paste was also used by Muthasamy 
(2010), who used a network of exfoliated graphite to create a composite to resist vibration. Babak 
(2014) observed an improvement in tensile strength with the addition of graphene oxide to mortar 
composites. In a series of three papers by Peyvandi (2013), GNPs were shown to improve the 
durability of concrete pipes. The GNPs also improved other mechanical properties of the concrete, 
especially when used in conjunction with polymer fibers. Peyvandi also surface-modified the 
GNPs. In 2013, Zohhadi concluded that relatively high doses of GNPs could increase the size of 
the fracture process zone. Additionally, Zohhadi’s specimens absorbed more energy after the peak 
load with the inclusion of the higher dosage of GNPs. 
This paper introduces the effort to characterize the cementitious-GNP composite with the 
two parameter fracture model suggested by Shah (1995).  
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2. Methods and Materials 
The GNPs used in this work are sGnP-M-5 GNPs manufactured by XG Sciences, Lansing, 
MI. These GNPs are delivered as a dry powder of agglomerates that require dispersion. XG 
Science claims that their method of manufacture does not oxidize the GNPs, which separates these 
GNPs from the graphite, or graphene, oxide particles that other researchers have discussed. 
Oxidation damages the atomic structure of the GNPs, which can compromise the mechanical 
properties of the GNPs. Without oxidation, their mechanical properties remain intact. The dosage 
of GNP was chosen to be 0.2 %, by weight of water. This value was chosen with an eye to apply 
this suspension to cementitious composites. With a water to cement ratio (w/c) of 0.5, this GNP 
dosage translates to 0.1 %, by weight of cement paste. 
AdvaCast 575 is a polycarboxylates based high range water reducing admixture 
manufactured by Grace Construction Products, Columbia, MD. The pH of this material is 
approximately 5.65. The WRA was dosed according to the ratio of the WRA weight to the GNP 
weight. The manufacturer states that the maximum range of dosages spans from 130 to 650 ml per 
100 kg cementitious material. However, in practice the typical dosage range spans 200 to 390 ml 
per 100 kg cementitious material. In the system used in the experiments of this paper, these ranges 
correspond to 0.143 to 0.715 and 0.22 to 0.429 kg of WRA per 100 kg of cementitious material, 
respectively. The manufacturer’s recommended minimum dosage would fall at about a WRA to 
GNP ratio of 1.43. 
The team chose to dose the WRA by its weight ratio to GNP because literature on carbon 
nanotubes (CNTs) used this method. Yu (2007) dosed the WRA at 1.5 times the weight of CNT; 
Metaxa (2012) dosed the WRA at 4 times the weight of CNT; and Konsta-Gdoutos (2010) dosed 
the WRA at 0, 1.5, 4, 5, 6.25, and 8 times the weight of CNT. In his work in 2013, Zohhadi wrote 
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that, per unit mass, GNPs have greater surface area than CNTs. This difference in surface area 
might lead to a higher demand for WRA. For a CNT, only one side of the atomic lattice contacts 
the environment; the other side of the lattice faces into the center of the CNT. However, both faces 
of a GNP contact the environment. The early experiments included a wider range of ratios. These 
experiments included the range of ratios between zero and ten. This range was chosen to take a 
wide sample of data and to allow direction of subsequent experiments with narrower ranges of 
interest. The experiments in this paper focused on the range of ratios between 0 and 2.0. The range 
of dosage used in these experiments fall at the lower end of the manufacturer’s recommended 
dosage range. 
Initial experiments used weight ratios of WRA to GNP of 0, 2, 4, 6, 8, and 10 to include 
the range found in the literature about CNTs. The author also thought that the GNPs had, per mass, 
greater surface area than CNTs. The author performed an additional experiment with ratios of 0, 
1, 1.5, 2, 2.5, and 3, in order to take a more detailed look at the behavior as the author varied the 
ratio close to 2. 
2.1 Sedimentation 
For this, and following dispersion experiments, the author used borosilicate glass vials. 
First WRA, then GNP, then water were measured, by weight, into each of these vials. The pipettor 
used to dispense the fifteen mL of water was manufactured by Socorex, Écublens, VD, 
Switzerland. A probe sonicator manufactured by Cole-Parmer, Vernon Hills, IL, was used at 30% 
amplitude and a ¼-inch probe for five minutes to disperse the GNPs. 
2.2 Dynamic Light Scattering 
Dynamic Light Scattering (DLS) takes advantage of Brownian motion. Generally, larger 
particles exhibit lower velocity of Brownian motion than do smaller particles. Given the same 
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temperature and viscosity of liquid, particle size is inversely proportional to particle velocity. The 
velocity of a given particle Doppler shifts the light scattered from the particle. Many particles in 
suspension will give a distribution of such Doppler shifts. These distributions are then measured 
and linked to the distribution of particles sizes. 
To perform these experiments, the author used a Microtrac Nanotrac NPA150 particle size 
analyzer, Montgomeryville, PA. The FLEX software, from the same company was used to control 
the instrument and collect the data. The same software also helped with data analysis. This 
experiment used weight ratios of WRA to GNP of 0, 1, 1.5, and 2. The author averaged ten 
consecutive, three-minute scans to create the curves shown in the results section. For these 
experiments, the sonication energy was controlled, rather than the sonication time. The author 
varied this energy input to examine whether he could control particle size behavior. 
2.3 Ultraviolet-visible spectroscopy 
UV-vis works on the principle that light energy can be absorbed by excitable electrons in 
materials. The instrument compares the light that has passed through the specimen to a previous 
background scan that did not include the experimental material. Depending on the material, this 
absorbance can vary with wavelength of incident light. In this work, the absorbance behavior was 
measured from 200 nm to 500 nm, and the scan was repeated hourly over 133 hours. 
The author used a Cary 50 UV-vis spectrophotometer, manufactured by Agilent, Santa 
Clara, CA to perform the scanning absorbance study. From these absorbance data, the author 
calculated the transmittance curves. Concentration is inversely related to transmittance, so 
transmittance indirectly measures the concentration of GNPs in suspension, and thus, the stability 
of the suspension with regard to time. 
7 
 
The author set the sonication energy to 1750 J for most of the experiments. Nonetheless, 
the energy was varied to learn how it affected the stability of the suspension with time. As with 
the DLS work, the author used weight ratios of WRA to GNP of 0, 1, 1.5, and 2. 
2.4 Point of Zero Charge 
The PZC is the pH at which there is no electrical charge on the surface of a material. As 
the pH is lowered from the PZC, more positive charge accumulates on the surface of the particles. 
This increased positive charge increases electrostatic repulsion. As the pH is increased from the 
PZC, more negative charge accumulates on the surface of the particle, which also increases 
electrostatic repulsion.  
Several choices for initial pH were available. Some researchers, including Andrade (2008), 
Matarredona (2003), McPhail (2009), and Stynoski (2013) measured the initial pH before adding 
the experimental material. Other researchers, including Noh (1990) and Perez-Aguilar (2009) 
chose to define the initial pH as the pH after adding experimental material. The former method 
effectively uses the adjusted pH as the initial pH. Then, adding the experimental material and 
measuring pH 24 hours, or more, later, measures the equilibrated pH of the suspension. The latter 
method sets the pH after adding the experimental material, then measures the pH again after, in 
the case of these two researchers, 48 hours had elapsed. 
To study the electrostatic double layer interactions between particles, the author used point 
of zero charge experiments with the former method. While the pH was measured immediately after 
adding the experimental material, several experiments showed that the pH didn’t change very 
much between the time immediately after addition of experimental material and the measurement 
24 hours later. In the data analysis, the author used the adjusted pH, from before addition of 
experimental material, as the initial pH. 
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The author prepared 20 mL of 0.1 M NaCl in water and adjusted the pH to an integer 
between 2 and 12. After a 24-hour equilibration period, 1 mL of GNP suspension, prepared as in 
the prior experiments, was dispensed into the electrolyte solution. Blanks were prepared similarly, 
except that 1 mL of DI water was dispensed into the electrolyte solution instead of 1 mL of the 
GNP suspension. The pH was measured immediately after this addition and after 24 hours had 
passed. 
2.5 Scanning Electron Microscope 
Secondary electron imaging was used in the high-vacuum mode of a 6060LV SEM, 
manufactured by JEOL, Tokyo, Japan, to gain qualitative information about the microscale particle 
size and, if possible, morphology. The author intended to use this information to verify the 
conclusions from other methods, which mainly gave indirect evidence of the particle dispersion. 
After placing a drop of the GNP suspension on a holey carbon-coated TEM grid, a Kimwipe was 
used to draw the excess liquid through the grid. The weight ratios of WRA to GNP were 0, 1, 1.5, 
and 2. This action left only the GNPs on the grid, which was then taped to a specimen stand for 
the SEM with carbon tape. 
These specimens spent several months in storage before the SEM study. The team 
manually agitated each specimen before they prepared the SEM mount for that specimen. As the 
team observed in the earlier sedimentation experiment, the dispersion behavior appears to still 
depend on the dosage of WRA. 
2.6 Mechanical Testing 
Mortar was mixed according to ASTM C305. By adding AdvaCast 575, the flow was 
adjusted to 80±5% flow, as tested by ASTM C1437. The ratio of water to cement to sand, by 
weight, was 0.485 to 1 to 2.75, as recommended by ASTM C109. GNP was added at 0.1%, by 
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weight of cement, for all but one experiment. Beams were cast in two lifts with 50 tamps per lift. 
The beams measured 1” x 1” x 11.5”. The 11.5” beams were cut in half to double the number of 
beams for testing. In all, 8 replicates were tested for each batch. Notches were cut immediately 
before mechanical testing. The plain mortar, mortar + GNP, mortar + silica fume, and mortar + 
GNP + silica fume respectively had 113, 151, 212, and 284 ml of WRA per 100 kg of cement. For 
those mixes that included silica fume, the silica fume replaced cement at 5%, by weight of cement. 
The mechanical tests consisted of a method following Shah’s example (1995). The beams 
were loaded in three-point bending until the load peaked and decreased to above 95% of the peak 
load. At this point, the beams were unloaded. A sample load displacement plot is shown in Figure 
1. Figure 2 shows a sample of the test setup. 
 
Figure 1:  Sample load-displacement curve for one test from each mix design. 
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Figure 2:  Sample three-point test set-up. Photograph credit:  Peter Stynoski 
This method was used by Stynoski (2014). However, where Stynoski used four-point 
bending, the work in this thesis used three-point bending. The samples were prepared to use a span 
to height ratio of approximately 4. The span was 102 mm, and the typical sample height was 
approximately 25.4 mm. Typical notch depths were approximately 6.7 mm. The specimens were 
cast, covered with plastic for 24 hours, and demolded. After demolding, the specimens were stored 
in saturated lime water until testing at 28 days of age. An Instron 4483 load frame was used with 
closed-loop control that used the crack mouth opening displacement (CMOD) as the feedback 
signal. A clip gauge (2679-116, Instron, Norwood, MA) with a 10-mm gage length was used for 
controlling CMOD rate during loading. The author used 3 μm/min as the CMOD rate, which was 
controlled by Instron’s Bluehill software. Unloading was initiated after the specimen passed the 
peak load but before the load fell to 95% of the peak load. This unloading occurred at a controlled 
rate of 100 N/min. 
To begin, the author calculated the modulus of elasticity from loading, as described by 
Shah (1995): 
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 = 	
                   (1) 
Where  
 = initial compliance  
 = lower span  
 = notch height  
	 = 0.76 − 2.28 + 3.87 − 2.04" + .	#$
             (2) 
 = %&'%&'                    (3) 
() = knife edge height  
* = specimen height  
+ = specimen thickness  
The modulus of elasticity from unloading is: 
 = ,	
,-                   (4) 
where 
. = unloading compliance within 95% of peak load  
	/ = 0.76 − 2.28/ + 3.87/ − 2.04/" + .	#$
,             (5) 
/ = ,%&'%&'                    (6) 
The effective-elastic critical crack length can be calculated by iteration: 
/ =  -
	

	
,                  (7) 
The critical stress intensity factor is: 
01/2 = 3 	4/ + 0.567 89,:;
<,
= >
2                 (8) 
where 
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4/ = peak load  
67 = ?@A                    (9) 
where 
67 = self weight of beam  
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= >C.#D$".B"
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= %.E;
<,
= >
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H

            (10) 
The critical crack tip opening displacement is: 
I)J/ = 
	K,%.D?@,;<,= >
L M	1 − O + ;1.081 − 1.149
,
 > 	O − OQ
:

        (11) 
where 
O = ,                 (12) 
 ;, > = 0.76 − 2.28
,
 + 3.87 ;
,
 >
 − 2.04 ;, >
" + .
;#$<,= >
          (13) 
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3. Results and Discussion 
3.1 Sedimentation 
The first experiment, of which two replicates were performed, included vials with weight 
ratios of WRA to GNP of 0, 2, 4, 6, 8, and 10. These vials are shown in Figure 3, which shows the 
second replicate, from left to right according to the ratios mentioned. From top to bottom, the vials 
are photographed at 0 hours, 6 hours, 7 days, and 1 month after sonication. The vial with no WRA 
showed different behavior from all of the vials with WRA. Almost immediately, all of the GNP 
had settled into a thick layer. After the first day, some cloudiness remained in the supernatant, 
indicating some GNP still dispersed in the water. After 7 days, the supernatant was completely 
transparent, which suggests the absence of any GNPs in suspension. All of the other vials showed 
no significant change until the second day, at which point the author observed a thin layer of 
supernatant above the darkest region of GNP suspension. Over time, the thickness of this 
supernatant layer increased. This thickness also appeared to depend on the amount of WRA. 
Finally, after a month, the darkness of the remaining suspension appeared to depend only on the 
amount of WRA. It appears, however, that this change in behavior is the most significant between 
ratios 0 and 2. The improvement in dispersion stability diminishes with additional WRA starting 
at some point between ratios 0 and 2. 
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(a) 
(b) 
(c) 
(d) 
(e) 
Figure 3: Sedimentation vials after (a) 0 h, (b) 6 h, (c) 24 h, (d) 7 days and (e) 1 month. From left 
to right, the vials have WRA to GNP ratios of 0, 2, 4, 6, 8 and 10. 
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After the vials from the experiment described above had rested for two months, the author 
manually agitated the vials to check if simple manual agitation was enough to redisperse the settled 
GNP. This manual agitation was performed by moderately shaking each vial for ten seconds, by 
hand. Figure 4, sedimentation results after manual agitation. The vials shown in Figure 4 are with 
WRA to GNP ratios of 0, 2, 4, 6, 8, and 10, by weight, from left to right. The top photograph was 
taken just after agitation, and the bottom picture was taken 24 hours later. The vials showed similar 
behavior to the first experiment. Without WRA, the GNPs again settle into a thick layer with a 
mostly transparent supernatant. With WRA, a thin supernatant layer appears after 24 hours. This 
layer is cloudy, suggesting the presence of a lower concentration of GNPs than in the darker layer 
below the supernatant. Therefore, manual agitation appears to be an effective method to redisperse 
the GNPs into suspension. 
 
 
Figure 4: Sedimentation vials (top) 0 h, and (bottom) 24 h after manual agitation. From left to 
right, the vials have WRA to GNP ratios of 0, 2, 4, 6, 8 and 10. 
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To narrow the range of ratios of WRA to GNP between which the transition from poor to 
good dispersion occurred, the author conducted another experiment with ratios of 0, 1, 1.5, 2, 2.5, 
and 3. These ratios appear from left to right in Figure 5. From top to bottom, the photographs show 
the suspensions 0 hours, 24 hours, and 7 days after sonication. Again, without WRA, the GNPs 
settled into a thick layer with a transparent supernatant layer. In contrast, the GNPs in ratio 1 settled 
into a thin layer. In this vial, the supernatant remains somewhat cloudy, even after 7 days. In 
moving from ratio 1 to ratio 1.5, another significant change in behavior occurs. For ratios 1.5, 2, 
2.5, and 3, the particles do not settle into a visible layer at the bottom of the vial. The supernatant 
remains relatively thin, but opaque. As the amount of WRA increases, so, too, does the opacity of 
the thin layer of supernatant. 
The difference between no WRA and ratio 1 raises some questions. After settling, the 
GNPs in the vial for ratio 1 settled to a much thinner layer than the GNPs in the vial with no WRA. 
This behavior could have resulted from the WRA working during sonication to deflocculate the 
GNPs, and incompletely coating the GNPs, which could lead to the observed sedimentation. That 
the GNPs with no WRA settled to a much thicker layer could originate with a rapid reflocculation 
after, or during, sonication which led to larger particle sizes and more random orientation during 
flocculation than occurred with WRA. Another point is that the manufacturer’s minimum 
recommended dosage equates to a WRA to GNP weight ratio of 1.43. The most significant change 
in behavior with WRA occurred when the author increased the dosage of WRA from ratio 1 to 
ratio 1.5. This increase just crosses the threshold of minimum dosage recommended by the 
manufacturer. Perhaps the particles achieve a minimum effective coating of WRA as that threshold 
is crossed. 
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3.2 Dynamic Light Scattering 
Other researchers have used this test method to quantify their dispersions of GNPs and 
similar particles. Liu (2011), Gurunathan (2012), and Lu (2010) made the observation that the 
diameters given by the DLS software might not be the true diameter of the particles because of an 
assumption of spherical particles in the software. The latter two authors added that, even if the 
measurements don’t give absolute diameters, the measurements can give information to compare 
the sizes of particles to one another. Additionally, as with this work, Lu used the average of ten 
Figure 5: Sedimentation vials after (top) 0 h, (middle) 24 h, and (bottom) 7 days. From left to 
right, the vials have WRA to GNP ratios of 0, 1, 1.5, 2, 2.5 and 3. 
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measurements to give particle diameters. The FLEX software used in this work included a setting 
for non-spherical particles, and the author used this correction. The engineer at the manufacturer 
declined to give details on how this proprietary correction works. As well, the manual gives no 
information on the operation of the correction for irregular particle shape. The only instruction, 
which was given by both the manual and the engineer, was to select the “irregular” option if the 
particles are known to be non-spherical. Regardless of shape corrections, the data given by the 
software still allows for comparison from one sample to another. Yu (2013) also used the DLS to 
investigate GNP particle size. The hydrodynamic diameter is said to be the spherical volume swept 
by the nanoplatelets as they tumble through their medium. This hydrodynamic diameter is the 
number given by Lammel (2013) and Stankovich (2012). 
As stated in the methods section, each curve is the average of ten consecutive scans. Each 
scan took three minutes. Figures 6 through 14 show these average curves. For each ratio of WRA 
to GNP, the sonication energy increases from 875 J to 1750 J to 3500 J. The weight ratio of WRA 
to GNP increases from 1 to 1.5 to 2. These scans were performed 0, 3, 6, 12, and 24 hours after 
preparing each specimen. 
Generally, the particle size decreased with time. This behavior suggests that particles at the 
large end of the size spectrum settle out of suspension. These particles might have insufficient 
surface area to bear the WRA necessary to keep the particles in suspension against the pull of 
gravity on the mass of the particle. It is also possible that the particles that settle out of suspension 
lack complete coverage with WRA. The exposed hydrophobic areas on adjacent particles could 
then attract to one another, which could lead to some degree of agglomeration. Indeed, sometimes, 
the particle size increased before decreasing. This behavior could have resulted from the 
reagglomeration of particles and the subsequent sedimentation of these agglomerates. The 
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relatively large particles could have also acted like brooms for the smaller particles. As the large 
particles drop out of suspension, they could sweep other, possibly smaller, particles in their falling 
path out of suspension. 
As the weight ratio of WRA to GNP increases, the particle size tends to decrease. This 
trend is especially observable at early ages. It seems likely that, as the amount of WRA increases, 
the surfactant can more completely coat the GNPs as they disperse from sonication. Additionally, 
the increase in sonication energy tends to lead to a decrease in particle size. The probable 
explanation for this behavior is that greater energy of sonication more completely dispersed the 
GNPs. 
  
Figure 6:  Average DLS curves for WRA/GNP=1 and sonication energy of 875 J. 
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Figure 7:  Average DLS curves for WRA/GNP=1 and sonication energy of 1750 J. 
 
Figure 8:  Average DLS curves for WRA/GNP=1 and sonication energy of 3500 J. 
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Figure 9:  Average DLS curves for WRA/GNP=1.5 and sonication energy of 875 J. 
 
Figure 10:  Average DLS curves for WRA/GNP=1.5 and sonication energy of 1750 J. 
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Figure 11:  Average DLS curves for WRA/GNP=1.5 and sonication energy of 3500 J. 
 
Figure 12:  Average DLS curves for WRA/GNP=2 and sonication energy of 875 J. 
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Figure 13:  Average DLS curves for WRA/GNP=2 and sonication energy of 1750 J. 
 
Figure 14:  Average DLS curves for WRA/GNP=2 and sonication energy of 3500 J. 
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3.3 Ultraviolet-visible Spectroscopy 
Figures 15 and 16, shown below, includes plots of percent transmittance versus time for 
six different specimens. Figure 16 shows the same data as Figure 15, but the y-axis covers a smaller 
range, to illustrate details near the x-axis. Two replicates for each weight ratio of WRA to GNP 
are shown. The absorbance at 250 nm served as the point from which the author calculated the 
transmittance. The author chose this value because of an observed absorbance peak at this value 
and a precedent in the literature. Shen (2009), Choi (2010), Rani (2011), Thema (2013), and Zainy 
(2012) reported absorbance peaks near 250 nm for graphite nanomaterials. In 2009, Shen decorated 
graphene with copolymers and dispersed graphene in several solvents. Shen quantified the 
dispersion of these suspensions with UV-vis. As the ratio of WRA to GNP moves from 1.0 to 1.5, 
there is a jump down in transmittance. This change could be related to the manufacturer’s 
minimum recommended dosage, which corresponds to a WRA to GNP ratio of 1.43. It could be 
that, when this threshold of dosage is crossed, the surfactant more fully coats the GNPs than below 
the minimum dosage. When the ratio is again increased from 1.5 to 2.0, the change is more subtle, 
which suggests that, having crossed over the minimum dosage threshold into the recommended 
range, additional surfactant might not have a proportionally beneficial effect. 
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Figure 15:  Percent transmittance at 250 nm versus time in hours. WRA to GNP ratios are 1, 1.5, 
and 2. 
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Figure 16:  Percent transmittance at 250 nm versus time in hours. WRA to GNP ratios are 1, 1.5, 
and 2. Scale expanded, compared to Figure 15. 
 
Additionally, as shown in Figure 17, the different dosages of WRA lead to different times 
at which the transmittance changes from zero. For ratio 1, the transmittance began to rise after four 
hours. For ratio 1.5, the transmittance began to rise after about 30 to 35 hours. For ratio 2, the 
transmittance began to rise after about 60 to 100 hours. This difference is also suggestive about 
the differences between dosages of WRA. There is an order of magnitude increase from ratio 1 to 
ratio 1.5, but only about a doubling or tripling in changing from ratio 1.5 to ratio 2. As with the 
transmittance values, this time to start changing also suggests that increasing the dosage of WRA 
increases the length of time that the GNPs stay in suspension. Again, the change is much smaller 
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minimum effective dosage. To increase the dosage of WRA produces diminishing improvements 
in suspension stability. 
 
Figure 17: WRA/GNP versus time when transmittance began to rise. There are two replicates for 
each ratio of WRA to GNP. 
 
Another behavior concerns the changes with differences in sonication energy, detailed in 
Figures 18 and 19. Figure 19 shows the same data as Figure 18, but the y-axis covers a smaller 
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energy of sonication fails to effectively break up pre-existing agglomerates of GNP, and these 
relatively large particles fall out of suspension more quickly than with higher energy of sonication. 
It was thought that increasing the sonication energy would cause the particles to more 
thoroughly disperse and, thus, stay in suspension longer, when compared to lower sonication 
energies. Similarly, it was thought that reducing the sonication energy would cause faster 
sedimentation, and the transmittance would rise more quickly than with a higher energy of 
sonication. The behavior observed in these experiments suggests that there is a minimum effective 
sonication energy, and that exceeding this minimum energy does not add to the stability of the 
suspension. 
This thinking explains why the team chose to try high sonication energy with a low dosage 
of surfactant and low sonication energy with the middle dosage of surfactant. The idea was that 
the choice of sonication energy could make the different dosages of surfactant move into the wide 
gap between WRA/GNP = 1.0 and WRA/GNP = 1.5. That is, under different sonication energies, 
it was thought that different weight ratios of WRA to GNP could be made to converge in 
transmittance evolution. 
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Figure 18:  Percent transmittance at 250 nm versus time in hours. WRA to GNP weight ratios of 
1 and 1.5. Sonication energies of 437.5 J, 875 J, and 1750 J for WRA/GNP=1.5. Sonication 
energies of 1750 J, 3500 J, and 7000 J for WRA/GNP=1. 
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Figure 19:  Percent transmittance at 250 nm versus time in hours. WRA to GNP weight ratios of 
1 and 1.5. Sonication energies of 437.5 J, 875 J, and 1750 J for WRA/GNP=1.5. Sonication 
energies of 1750 J, 3500 J, and 7000 J for WRA/GNP=1. 
 
3.4 Point of Zero Charge 
Figure 20, below, shows the preliminary data from several experiments. The data points 
were taken with the initial pH as the pre-set pH. The final pH is the pH measured 24 hours after 
adding the experimental material. There are two curves for the ratios of WRA to GNP of 0 and 1. 
There is one curve for ratios 1.5 and 2. As well, one curve is shown for WRA with no GNP. 
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Figure 20:  PZC data and trend lines for WRA/GNP = 0, 1, 1.5, and 2. Also shown is an experiment 
with only WRA. 
 
For another method of analysis, the author subtracted the change in the blank from the 
change in the experimental vial. This difference was then subtracted from the adjusted, initial pH 
to find the final pH. The results are shown in Figure 21. 
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Figure 21:  PZC data. The pH change in the blank was subtracted from the pH change in the 
experimental vial. This difference was then subtracted from the adjusted, initial pH to find the final 
pH. 
This method of analysis attempts to account for incidental changes in pH that occurred 
during the experiment. Finding the inflection point of a third-order polynomial fit for the curves 
in Figure 21 does show promise for this method. Table 1 shows the PZC, as determined from the 
inflection point of a third order fit of each curve in Figure 21. These inflection points show some 
promise, but more replicates are needed in order to determine statistical significance and minimize 
the effect of experimental error. 
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Table 1:  Results from PZC experiment 
Ratio of WRA to GNP PZC (pH) 
0 10.3 
0 11.7 
1 -- 
1 4.5 
1.5 -- 
2 -- 
WRA only 5.6 
 
Several of these ratios, if they had inflection points, had inflection points more acidic than pH 2. 
More replicates are required with a refined experimental method. The PZC of the WRA, even in 
the small dose added to the 20 mL of electrolyte is very close to the pH of the WRA, itself. Also, 
the PZC of the only WRA and GNP sample with a PZC was outside the range bounded by only 
GNP and only WRA. 
 More work is needed in this experiment. The method for this experiment must be refined 
in order to attain more stable data. The author had trouble attaining stability in the measurements. 
The blanks showed variation, and it was thought that the change in the blank could be subtracted 
from the measured change. However, the intent with the blanks is to demonstrate pH stability. 
There are some changes that could be made in lab technique. For one, the molarity of the 
background electrolyte could be increased. This change would increase stability, but, if overdone, 
could mask the effects of the GNP and the WRA. More time could be allowed for equilibration of 
the initial pH. Due to time constraints, the equilibration time was compressed, with the expectation 
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that any change in pH could be dealt with in data processing. The problem is that the undesired 
change in pH in the blanks might not exactly mirror the undesired change in the experimental vials. 
Finally, the author recommends settling on a method to choose the initial pH, as there appeared to 
be multiple methods in the literature. In short, this experiment should be continued in order to gain 
more insight into the surface interactions of these GNPs and the WRA. 
3.5 Scanning Electron Microscope 
Figures 22 through 25 shows that the presence of WRA changes the behavior of the GNPs. 
When the team included no WRA, the GNPs formed large agglomerates. One large agglomerate 
appears in the first image in the figure below. Many other researchers have employed SEM to learn 
about the microstructure of GNPs, including Shen (2009), Xu (2010), and Yue (2011).The other 
three overview images superficially show similar behavior. To gain more insight into the 
differences between the different dosages of WRA, the team viewed the specimens at higher 
magnification than the overview images. 
When the team zoomed in on the specimens, they observed some subtly different behavior 
between the different dosages of WRA. The team observed that the GNP particle diameter 
generally decreased with increasing dosage of WRA. For ratios 1.0 and 1.5, the particle size 
appeared to go down to about 20 to 30 microns in diameter. For ratio 2.0, the particle diameter 
measured about 5 to 10 microns. These size trends are especially visible with scale bars for 10 μm 
and 5 μm. Nonetheless, the particle size is not strictly uniform. The team supposed that this particle 
size also corresponded to the effectiveness of dispersion. The reason for this supposition is that the 
larger particles are probably small agglomerates. The smaller the agglomerate, then, the more 
effective the dispersion. 
35 
 
The drying required for this investigation could have complicated the interpretation of the 
data. For example, these hydrophobic particles could have spread out somewhat as the water 
surrounding them was removed. Additionally, the particles could have changed in morphology as 
they were removed from their suspending medium. Nonetheless, these SEM micrographs can give 
guidance, suggestion, and implicit qualification of the nature of the material system. 
(a)  (b)  
(c)  (d)  
Figure 22:  Scale bars are 500 μm; WRA/GNP is (a) 0, (b) 1, (c) 1.5, and (d) 2 
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(a)  (b)  
(c)  (d)  
Figure 23:  Scale bars are 20 μm; WRA/GNP is (a) 0, (b) 1, (c) 1.5, and (d) 2 
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(a)  (b)  
(c)  (d)  
Figure 24:  Scale bars are 10 μm; WRA/GNP is (a) 0, (b) 1, (c) 1.5, and (d) 2 
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(a)  (b)  
(c)  (d)  
Figure 25:  Scale bars are 5 μm; WRA/GNP is (e) 0, (f) 1, (g) 1.5, and (h) 2 
3.6 Mechanical Testing 
The theory was that the mechanical testing would show an increase in the two parameters 
in the TPFM. Table 2 shows the average results of the mechanical testing. The range is the standard 
deviation. Table 1 shows the results of the mechanical testing. 
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Table 2:  Results from mechanical testing 
Material  	GPa 01/2  RMPa √mmS I)J/ 	μm 4/ 	T 
Plain Mortar 20.1 ± 2.2 14.88 ± 1.24 3.90 ± 0.54 284 ± 11.0 
Mortar + GNP 19.7 ± 2.8 15.22 ± 1.33 3.78 ± 0.37 286 ± 19.8 
Mortar + SF 18.0 ± 1.4 14.32 ± 0.97 3.97 ± 0.40 284 ± 13.1 
Mortar + GNP + SF 18.6 ± 1.9 14.59 ± 0.89 3.74 ± 0.53 299 ± 20.4 
 
The modulus of elasticity didn’t show a consistent trend with the addition of GNPs between 
the batches made with and without silica fume. Both with and without silica fume, the GNP mixes 
showed about a 2% increase in critical stress intensity factor. The critical crack tip opening 
displacement decreased by around 5% with the addition of GNPs. The maximum load only 
increased for the mix with both GNPs and silica fume. All of these changes fell within the standard 
deviation of the others. All specimens showed significant strain hardening. 
The increases in the average value for the 01/2  suggest that more improvements could be 
made with more refinements to the mix design. Perhaps a higher, or lower, dosage of GNPs would 
have a more favorable effect. Though most of the GNPs dispersed well in the mix water, some 
clumps remained. Improvements in the dispersion technique might reduce the number of clumps 
present as inclusions in the mortar beams. 
The decrease in the I)J/ seems to suggest that the material weakened or became more 
brittle with the addition of GNPs. This could have resulted from the GNPs failing to bond with the 
cement matrix. The GNPs might have simply acted as inert filler particles, resulting in many 
inclusions. These inclusions might have had surrounding interfacial transition zones, which could 
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increase the volume of porous material through which cracks can more easily initiate and 
propagate. 
The peak load depends on several geometrical factors, so strong conclusions from this data 
might not stand. Nonetheless, the specimens were meant to have very close geometries. Some 
microstructural refinement might have occurred in the regions around the GNPs. In any case, the 
standard deviation still exceeds the changes in peak load. 
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4. Conclusion 
This research has led to a few conclusions. Increasing the dose of WRA tends to improve 
the stability of the dispersion, but the improvements appear to diminish when increasing the dosage 
of WRA above the ratio of 1.5. As well, particle size appears to generally decrease with increased 
WRA. 
Sonication energy also has a long-term effect on the behavior of the dispersion. As with 
the dosage of WRA, increased sonication energy improves the stability of the dispersion. However, 
that improvement appears not to continue above 1750 J of energy input. Sonication energy also 
has an effect on particle size. Increased energy seems to reduce particle size. 
The mechanical testing showed changes, but these changes fell within the standard 
deviation. GNPs slightly increased the 01/2 , so this suggests that greater improvement could be 
achieved under different dosage parameters. The quality of the dispersion could also have an effect 
on the mechanical properties. Another suggestion is to try grading size of the reinforcing particles 
by including larger, more traditional fiber reinforcement. It is possible that the diameter of the 
GNPs was too small to engage with the cementitious matrix. Another possible avenue to explore 
is larger GNPs, perhaps up to 25 microns in diameter. 
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